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beavers’	dive	profile	 (depth,	duration)	was	 similar	 to	other	 semi-	aquatic	 freshwater	
divers.	However,	beavers	dived	for	only	2.8%	of	their	active	time,	presumably	because	
they	do	not	rely	on	diving	for	food	acquisition.
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has	 profound	 consequences	 for	movement	 and	 heat	 loss	 (Williams,	
2001)	and	involves	a	plethora	of	pressure-	linked	problems	(Kooyman	
&	Ponganis,	1998).	In	homeotherms,	marine	mammals	possess	some	











in	 two	 fundamentally	 different	media	 precludes	 these	 animals	 from	
being	 particularly	well	 adapted	 for	 either	 environment	 (Fish,	 2000;	
Williams,	 1999).	The	 thick,	 air-	filled	 fur	 or	 plumage	 of	 semi-	aquatic	
species	 provides	 valuable	 insulation	 but	 makes	 these	 animals	 pos-












scent	 and	 ascent	 angles	 (Lydersen,	Martin,	 Gjertz,	 &	 Kovacs,	 2007;	
Ropert-	Coudert,	Grémillet,	&	Kato,	2005).
Small	 mammalian	 freshwater	 divers	 are	 little	 studied	 though	
(Hays	et	al.,	2007),	with	most	 research	being	conducted	 in	captivity	
and	focusing	on	physiological	aspects	of	diving	(e.g.,	Dunstone,	1993;	
MacArthur,	 1984).	A	 common	 finding	 of	 such	 studies	 is	 that	 semi-	
aquatic	 species	 face	 increased	energetic	 costs	during	diving,	mainly	
due	 to	higher	 thermoregulatory	needs	 (MacArthur	&	Krause,	1989),	
particularly	in	cold	water	(MacArthur,	1984),	as	well	as	increased	phys-
ical	effort	needed	to	overcome	buoyancy	and	drag	 (Fish,	Smelstoys,	
Baudinette,	 &	 Reynolds,	 2002;	 Williams,	 1983).	 Fortunately,	 small,	
high-	precision	pressure	transducers	are	now	being	 increasingly	used	
to	 quantify	 the	 diving	 behavior	 of	 free-	living,	 semi-	aquatic	 spe-




Wood,	Hatch,	&	 Speakman,	 2016).	 For	 example,	work	 on	American	


















The	beavers’	 fusiform	body	with	 short	 limbs,	webbed	hind	 feet,	
and	waterproof	 fur	 reflects	 the	 animal’s	 adaption	 to	 an	 amphibious	




























during	 descent	 and	 bottom	 phases.	 Moreover,	 as	 water	 tempera-
ture	 is	predicted	 to	have	a	 radical	effect	on	heat	 loss,	which	has	 to	
be	counteracted	by	increasing	power,	and	thereby,	increasing	oxygen	
use	(Ciancio,	Quintana,	Sala,	&	Wilson,	2016),	we	would	expect	dive	




















the	mass-	specific	 diving	 capacities	 of	 beavers	 into	 a	 broader	 diving	
endotherm	perspective.
2  | MATERIALS AND METHODS













common	ash	Fraxinus excelsior,	 rowan	Sorbus aucuparia,	birch	Betula 
spp.,	and	Norway	spruce	Picea abies	(Haarberg	&	Rosell,	2006).	Man-	
made	impoundments	(Straumen)	and	river	sections	that	widen	up	to	
natural	 lakes	 (Gvarv	and	Sauar)	 lead	 to	 reduced	 ice	 cover	 in	winter	
(Campbell	et	al.,	2012).	The	climate	in	the	area	is	cool	continental	with	




May)	 and	 warmer	 water	 temperatures	 during	 autumn	 (9.7	±	1.4°C;	
September–November).	 The	 earliest	 evidence	 for	 Eurasian	 beavers	













where	 they	were	 tagged	without	 the	 need	 for	 anesthesia.	 Average	
handling	 time	 was	 30	±	5	min.	 We	 used	 two-	component	 epoxy	
resin	 to	 attach	 tags	 consisting	 of	 a	 VHF	 transmitter	 (18	×	35	mm,	
10	g;	 Reptile	 glue-	on	 series	 R1910;	 Advanced	 Telemetry	 Systems,	
USA)	and	a	data	 logger	 recording	pressure	and	 tri-	axial	 acceleration	
(15	×	90	mm,	 62	g;	 JUV	 Elektronik,	 GER)	 onto	 the	 fur	 of	 the	 lower	
back	along	the	spine,	15	cm	above	the	scaly	tail.	The	units	were	con-















2.2 | Data preparation and dive analysis
The	 data	 logger	 used	 in	 this	 study	 recorded	 pressure	 (range	 950–
10,000	mB)	 and	 tri-	axial	 acceleration	 (±4	g)	 with	 22-	bit	 resolution.	

















4  |     GRAF et Al.
All	 dive	 events	 were	 visually	 inspected	 and	 exported	 using	
Multitrace	 (Jensen	 Software	 Systems,	 GER).	 We	 used	 zero-	offset	
correction	 (ZOC)	 to	correct	 for	sensor	drift	 in	 the	pressure	readings	
(Hagihara,	Jones,	Sheppard,	Hodgson,	&	Marsh,	2011),	which	we	ad-
justed	manually	 if	needed.	We	selected	a	dive	threshold	of	0.3	m	to	
ensure	 pressure	 readings	 indicating	 dives	 did	 not	 result	 from	wave	
action	 or	 the	 animal	 simply	 angling	 its	 back	 down	 into	 the	 water.	
Descent,	 bottom,	 and	 ascent	 phases	were	 automatically	 recognized	
and	delineated	by	the	program	but	could	be	adjusted	manually.
We	standardized	all	datasets	to	range	from	5	to	7	full	nights,	ex-
cluding	data	 from	 the	 capture	night	 to	account	 for	possible	 tagging	
effects	(Graf,	Hochreiter,	et	al.,	2016).	Water	temperature	data	for	the	


















2006;	Harrington	 et	al.,	 2012).	We	used	 a	 generalized	 linear	model	
(GLM)	for	the	response	variable	“mean	number	of	dives	per	night”	and	








(Cragg,	 1971),	 based	 on	 the	 assumption	 that	 individuals	 decide	 (i)	
whether	 to	 invest	 in	a	bottom	phase	or	not,	and	whether	 there	 is	a	
bottom	phase,	 (ii)	 how	 long	 this	 bottom	phase	 should	 be.	We	used	





and	 “mean	VeDBA	 during	 the	 bottom	 phase”	 in	 the	 double-	hurdle	
model.	In	all	models,	we	used	“individual”	as	random	effect	to	account	
for	individual	variation	in	diving	performance.	Initially,	we	also	nested	
“individual”	 within	 “year,”	 but	 then	 omitted	 “year”	 as	 results	 were	




“dive	 duration”	 and	 “bottom	 phase	 duration,”	 respectively;	 and	 two	
in	 the	 predictor	 “vertical	 velocity	 during	 the	 descent”—to	 eliminate	
possible	interference	with	the	models	but	report	these	values	in	the	
results	 section.	For	all	 response	variables,	we	also	 included	a	model	
with	an	interaction	of	the	two	best	predictors	in	the	model	selection	




No	 collinearity	 between	 independent	 variables	 was	 detected	
(r	<	0.6;	 apart	 from	 water	 temperature	+	mass,	 with	 r	=	0.8).	
However,	variance	 inflation	factors	 (VIF)	 for	all	predictors	were	<3	
(Zuur,	 Ieno,	&	Elphick,	2010)	and	we	thus	included	both	“tempera-
ture”	and	“mass”	as	predictors.	We	applied	a	backward	model	selec-
tion	procedure	 and	 selected	 the	most	parsimonious	models	based	
on	 the	Akaike	 information	 criterion	 (AICc)	 (Burnham,	Anderson,	 &	
Huyvaert,	 2010;	 Wagenmakers	 &	 Farrell,	 2004).	 We	 considered	
candidate	 models	 within	 AICc	 differences	 (ΔAICc)	 between	 0	 and	
2	 as	 models	 with	 strong	 levels	 of	 empirical	 support	 (Anderson,	
2008)	 and	 derived	 model-	averaged	 estimates	 for	 such	 models.	





We	used	data	 from	12	Eurasian	beavers	 (six	 females	and	six	males)	
from	11	different	territories	for	analysis	(Table	1).	In	analyses	includ-
ing	 accelerometry-	based	 variables,	 sample	 size	 was	 reduced	 to	 11	
individuals,	as	one	accelerometer	did	not	work.	Beavers	used	in	analy-
ses	had	an	average	mass	of	23.3	±	2.2	kg	(Table	1).	Individual	dataset	
lengths	varied	between	 five	 full	 nights	 (n	=	1),	 six	 full	 nights	 (n	=	5),	
and	seven	full	nights	(n	=	6).	Overall	mean	values	and	standard	devia-
tions	for	the	dive	parameters	are	presented	in	Table	2,	while	the	most	
parsimonious	models	are	presented	 in	Table	3	 (for	 full	model	selec-
tion,	see	Tables	S1–S5);	informative	predictors	and	according	model	
outcomes	are	shown	in	Table	4.
We	 analyzed	 a	 total	 of	 2596	 dives,	 with	 an	 overall	 mean	 of	
39.55	±	30.97	dives	 per	 night	 (Table	2).	 Beavers	 descended	with	 an	
overall	 mean	VeDBA	 of	 0.18	±	0.06	g	 (max.	 0.64	g,	 Table	2)	 and	 an	
average	vertical	velocity	of	0.23	±	0.13	m/s	 (max.	1.88	m/s,	Table	2).	
Overall,	mean	VeDBA	was	highest	during	the	ascent	phase	of	a	dive	
(x̄	±	SD	=	0.29	±	0.10	g,	 Table	2).	 The	 majority	 of	 dives	 were	 shal-
low	 (<1	m)	 and	 short	 (<30	s)	 (Tables	1,	 2;	 Figure	1).	Diving	 activities	
increased	throughout	the	night,	with	beavers	showing	a	peak	diving	
activity	 in	the	 latter	part	of	the	night,	approximately	between	03:00	
     |  5GRAF et Al.














































































































































































































































































































































































































































































































variables	derived	from	11	Eurasian	beavers	Castor fiber in southeast 
Norway
Dive variables* (x̄)* SD* Unit
Maximum	diving	depth 0.96 0.60 m

























6  |     GRAF et Al.







between	0.4	 and	188	 s	 (median	=	12	s)	with	 an	overall	mean	dura-









and	 “maximum	 diving	 depth”	 (Table	3).	 By	 inspecting	 95%	 CI,	 we	
found	 “mean	VeDBA	during	 the	bottom	phase”	and	 “maximum	div-
ing	depth,”	as	well	as	the	interaction	between	the	two	predictors	to	
be	informative	(Table	4).	Higher	mean	VeDBA	values	during	the	bot-
tom	phase	 resulted	 in	 shorter	bottom	phase	durations,	while	diving	
at	greater	depths	was	associated	with	longer	bottom	phase	durations	
(Table	4).	In	addition,	the	interaction	between	the	two	terms	implies	




The	predominantly	 short,	 shallow	dives	executed	by	beavers	 in	our	
study	are	similar	to	a	range	of	other	freely	diving	semi-	aquatic	birds	
and	mammals	(Snyder,	1983;	Thompson	&	Fedak,	2001).	In	beavers,	
muscle	 oxygen	 stores	 deplete	 after	 2–4	min	 (Snyder,	 1983),	 while	
blood	 oxygen	 stores	 decrease	 at	 4	min	 (Clausen	 &	 Ersland,	 1970),	
which	 suggests	 that	 our	 dives	 were	 mainly	 aerobic.	 Surprisingly,	
we	 found	 that,	on	average,	only	2.8%	of	 the	beaver’s	nightly	activ-
ity	budget	comprised	diving.	This	 is	considerably	 less	 than	 found	 in	
other	semi-	aquatic	species,	for	example,	tufted	ducks	Aythya fuligula 
dive	 for	 25%	 of	 their	 24-	hr	 cycle	 (Pedroli,	 1982)	 and	 chick-	rearing	
Crozet	shags	Phalacrocorax melanogenis	for	44%	of	their	at-	sea	time	
(Tremblay,	Cook,	&	Cherel,	2005).	 In	contrast	to	these	species,	bea-
vers,	 as	 generalist	 herbivores,	 do	 not	 solely	 rely	 on	diving	 for	 food	
acquisition	 (Haarberg	 &	 Rosell,	 2006).	 Similarly,	 American	 mink,	
a	 generalist	 carnivore,	 dive	 for	 only	 about	 0.5%	 of	 the	 24-	h	 cycle	
Response variable
Informative model 
term(s) β σ LL UL
Maximum	diving	
depth
Mean_VeDBA_des −0.039 0.011 −0.060 −0.018
VV_des 0.204 0.010 0.184 0.225
Dive duration Mean_VeDBA_des −0.011 0.020 −0.073 −0.010
VV_des −0.113 0.015 −0.143 −0.082
Presence	of	a	
bottom	phase
Max_depth 0.575 0.105 0.370 0.781
Bottom	phase	
duration
Mean_VeDBA_bott −5.807 0.885 −7.283 −4.224
Max_depth 0.247 0.023 0.203 0.286
Mean_VeDBA_bott	*	
Max_depth
0.097 0.040 0.015 0.171
Mean_VeDBA_des	Mean VeDBA during the descent phase;	VV_des	Vertical velocity during the descent 



















































Mean_VeDBA_des	Mean VeDBA during the descent phase;	VV_des	Vertical 
velocity during the descent phase;	Max_diving_depth	Maximum diving depth; 
Mean_VeDBA_bott	Mean VeDBA during the bottom phase.
     |  7GRAF et Al.
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F IGURE  1 Frequency	distributions	of	maximum	diving	depth	(a),	dive	duration	(b),	descent	phase	duration	(c),	bottom	phase	duration	(d),	and	
ascent	phase	duration	(e)	for	12	Eurasian	beavers	Castor fiber	in	southeast	Norway	(n	=	2596	dives)
8  |     GRAF et Al.















edge.	 Indeed,	 in	 terms	 of	 foraging,	macrophyte	 growth	 is	 encouraged	
by	light	penetration	and	is	thus	higher	at	shallow	depths	(Middelboe	&	
Markager,	1997).	This	may	explain	why,	even	though	deeper	river	sec-







est	 in	 the	middle	 of	 the	 beaver’s	 PAP	 (~1	am,	 see	Graf,	Hochreiter,	




4.2 | Dive parameters and physical effort
The	allocation	of	time	to	depth	and	the	various	dive	phases	by	beavers	
broadly	followed	patterns	established	for	air-	breathing	diving	animals.	
Thus,	 dive	 durations	 increased	 with	 greater	 dive	 depths	 (Figure	3),	




Schreer	 &	 Kovacs,	 1997;	 Halsey,	 Blackburn,	 et	al.,	 2006;	 Figure	4).	
Thus,	 in	 this	 respect,	 semi-	aquatic	beavers	 tie	 in	with	more	aquatic	
species.	 In	 addition	 though,	 beavers	 are	 heavier	 than	 most	 semi-	
aquatic	species	and	diving	birds	(Fish,	2000;	Harrington	et	al.,	2012),	
































5	days	(n	=	2544	dives)	for	12	Eurasian	beavers	Castor fiber in 
southeast	Norway.	Sample	sizes	below	the	boxes	depict	how	many	
individuals	dived	at	a	given	hour	during	their	principal	activity	period
     |  9GRAF et Al.
higher	body	mass.	This	is	because	oxygen	storage	scales	as	a	function	
of	mass	to	the	power	of	one,	while	metabolic	rate	scales	with	mass	






however,	 fitted	 less	 well.	 In	 the	 first	 instance	 though,	 VeDBA,	
taken	 as	 a	 proxy	 for	movement	 power	 (Qasem	 et	al.,	 2012),	was	
highest	near	the	surface	for	the	descending	animals,	as	observed	in	
a	number	of	air-	breathing	diving	homeotherms	 (Wilson,	Shepard,	
Laich,	 Frere,	&	Quintana,	 2010;	Wilson	 et	al.,	 2006).	This	 is	 pre-
sumed	 to	 be	 due	 to	 the	 fur-	 and	 lung-	associated	 air	 (Fish	 et	al.,	
2002;	McKean	&	Carlton,	1977),	which	has	maximum	volume	and	
highest	upthrust	closest	to	the	surface.	This	is	particularly	the	case	
in	 diving	 birds,	which	 have	 large	 amounts	 of	 plumage-	entrapped	
air	and	have	to	use	greatest	power	to	overcome	this	upthrust	clos-
est	 to	 the	 surface	 (Wilson	 et	al.,	 1992,	 2010).	 Increasing	 depth	
changes	this	though	because	air	is	compressed	with	depth	follow-
ing	Boyle’s	Law.
where P1 and P2	are	the	pressures	(in	Bar)	at	the	surface	and	depth,	




1992).	 In	 addition,	within	 the	 first	moments	 of	 a	 dive,	 extra	 power	
is	 expected	 to	 accelerate	 the	animal	 from	a	vertical	 speed	of	0	m/s	
(at	the	surface)	to	the	normal	descent	speed	as	well	as	to	counteract	
surface	drag	(Williams,	2001;	Wilson	et	al.,	1992).
Given	 the	 compression	 of	 air	 with	 depth	 and	 its	 apparent	
explanation	for	what	we	observed	during	the	descent	phases	of	
beavers’	dives,	we	expected	the	reverse	process	of	power	alloca-
tion	 to	occur	during	 the	ascent	phases	specifically	 that	VeDBAs	
should	be	 lower	as	buoyancy	pushed	the	animals	 to	 the	surface	
(c.f.	Wilson	et	al.,	2010).	Curiously	though,	ascent	was	the	most	
VeDBA-	intense	 moment	 of	 the	 dive	 (Table	2).	 We	 have	 three	
possible	explanations	 for	 this	 (i)	 that	beavers	may	often	surface	
transporting	plants	and	other	materials,	and	so	have	to	 increase	
power	 to	 contend	with	 the	 increased	 drag	 or	 (ii)	 that	 the	 air	 in	
the	pelage	may	bubble	out	with	time	underwater.	Supporting	this,	
threatened	 beavers	 have	 been	 observed	 to	 remain	 motionless	




to	 get	 them	 to	 neutral	 buoyancy	 (Wilson	 et	al.,	 1992).	 The	 re-
duced	 oxygen	 availability	may	 then	 be	 compensated	 by	 the	 en-
ergy	 otherwise	 used	 to	 swim	 against	 positive	 upthrust.	 Indeed,	
such	 a	 scenario	 has	 been	 proposed	 for	 cormorants	 and	 is	 only	
possible	 because	 their	 overall	 body	 density	 is	 close	 to	 that	 of	
water	 (Wilson	 et	al.,	 1992).	 Given	 the	 extremely	 low	 profile	 of	
surface-	swimming	beavers,	they	must	be	in	this	bracket	although	
further	work	is	needed	to	clarify	these	issues.
Beavers,	 such	 as	 birds,	 showed	 an	 increase	 in	 descent	 verti-
cal	velocity	with	 increasing	diving	depth	 (Cook	et	al.,	 2010;	Noda,	
Kikuchi,	Takahashi,	Mitamura,	&	Arai,	2016).	 Indeed,	 for	most	div-
ing	animals,	deeper	dives	are	generally	accompanied	by	steeper	dive	
angles	 (Ropert-	Coudert	 et	al.,	 2001),	 so,	 even	with	 constant	 swim	
speed,	the	rate	of	change	in	depth	is	higher.	Sato,	Charrassin,	Bost,	






locities	 tended	 to	be	 associated	with	 shorter	dive	durations.	With	









A	major	 factor	 that	 is	 reputed	 to	 affect	 diving	 costs	 in	 aquatic	 ho-
meotherms	is	water	temperature	(Bevan	&	Butler,	1992;	Ciancio	et	al.,	





Peterson,	Drummer,	&	 Sheputis,	 1991).	 The	 thermoneutral	 zone	 of	






fur,	 adipose	 tissue;	 Novak,	 1987),	 physiological	 (e.g.,	 bradycardia,	
peripheral	 vasoconstriction,	 local	 heterothermy,	 Swain	 et	al.,	 1988;	
MacArthur	 &	 Dyck,	 1990),	 and	 behavioral	 adaptations	 that	 enable	
them	to	operate	in	cold	water.	The	latter	may	include	spending	more	
time	on	 land	or	 inside	 the	 lodge	 (Nolet	&	Rosell,	1994;	Smith	et	al.,	
1991)	 or	 the	 selection	 of	 food	 rich	 in	 polyunsaturated	 fatty	 acids,	
which	 improve	membrane	 functionality	 at	 low	 temperatures	 (Hazel,	
1995)	 and	 comprise	 a	major	 part	 of	 the	 adipose	 tissues	 of	 beavers	
(Zalewski,	 Martysiak-	Żurowska,	 Chylińska-	Ptak,	 &	 Nitkiwicz,	 2009).	
Ultimately,	beavers	may	also	dive	to	access	their	food	cache	under	the	
ice	 in	winter	 (Dyck	&	MacArthur,	1992),	although	the	 lack	of	winter	
diving	data	impedes	further	conclusion	in	this	regard.
P1V1=P2V2
10  |     GRAF et Al.
5  | CONCLUSION
Beavers	 were	 similar	 to	 other	 semi-	aquatic	 freshwater	 divers	 and	
executed	mainly	short	 (likely	aerobic)	and	shallow	dives.	However,	
as	 they	are	not	obliged	 to	dive	 for	 food,	 they	dived	markedly	 less	
than	many	 other	 semi-	aquatic	 species	 (2.8%	 of	 their	 active	 time).	
Physical	 effort	 during	 the	 dive	 phases	 and	 diving	 depth	 described	
the	studied	dive	parameters	and	shed	light	on	the	beaver’s	strategies	
to	optimize	diving	behavior	by	counterbalancing	diving	costs	related	
to	 buoyancy,	 drag,	 and	 limited	 oxygen	 supply.	 Ultimately,	 physi-
ological	measurements	 including	 heart	 rate	 and	 body	 temperature	
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